Small-object manipulation is essential in numerous human activities, although its neural bases are still essentially unknown. Recent functional imaging studies have shown that precision grasping activates a large bilateral frontoparietal network, including ventral (PMv) and dorsal (PMd) premotor areas. To dissociate the role of PMv and PMd in the control of hand and finger movements, we produced, by means of transcranial magnetic stimulation (TMS), transient virtual lesions of these two areas in both hemispheres, in healthy subjects performing a grip-lift task with their right, dominant hand. We found that a virtual lesion of PMv specifically impaired the grasping component of these movements: a lesion of either the left or right PMv altered the correct positioning of fingers on the object, a prerequisite for an efficient grasping, whereas lesioning the left, contralateral PMv disturbed the sequential recruitment of intrinsic hand muscles, all other movement parameters being unaffect... Small-object manipulation is essential in numerous human activities, although its neural bases are still essentially unknown. Recent functional imaging studies have shown that precision grasping activates a large bilateral frontoparietal network, including ventral (PMv) and dorsal (PMd) premotor areas. To dissociate the role of PMv and PMd in the control of hand and finger movements, we produced, by means of transcranial magnetic stimulation (TMS), transient virtual lesions of these two areas in both hemispheres, in healthy subjects performing a grip-lift task with their right, dominant hand. We found that a virtual lesion of PMv specifically impaired the grasping component of these movements: a lesion of either the left or right PMv altered the correct positioning of fingers on the object, a prerequisite for an efficient grasping, whereas lesioning the left, contralateral PMv disturbed the sequential recruitment of intrinsic hand muscles, all other movement parameters being unaffected by PMv lesions. Conversely, we found that a virtual lesion of the left PMd impaired the proper coupling between the grasping and lifting phases, as evidenced by the TMS-induced delay in the recruitment of proximal muscles responsible for the lifting phase; lesioning the right PMd failed to affect dominant hand movements. Finally, an analysis of the time course of these effects allowed us to demonstrate the sequential involvement of PMv and PMd in movement preparation. These results provide the first compelling evidence for a neuronal dissociation between the different phases of precision grasping in human premotor cortex.
Introduction
In primates, the progressive evolution to bipedal gait has permitted the use of the hand as an extraordinary device to manipulate objects and make use of tools. Because lesions of the corticospinal (CS) tract often impair irremediably dexterous finger movements (Forssberg et al., 1999; Duque et al., 2003; Hermsdorfer et al., 2003) , the contribution of the CS system [and that of its main cortical area of origin, the primary motor cortex (M1)] to such movements has been extensively studied (Muir and Lemon, 1983; Schieber and Poliakov, 1998; Brochier et al., 1999) .
However, functional imaging studies have evidenced that, in humans, precision grasping activates a large bilateral network of frontoparietal areas, including the ventral (PMv) and dorsal (PMd) premotor cortex (Binkofski et al., 1999; Ehrsson et al., 2000 Ehrsson et al., , 2001 Kuhtz-Buschbeck et al., 2001) . In monkeys, it has been suggested that PMd and PMv are part of two independent circuits, originating from the posterior parietal cortex and controlling, respectively, the reaching and grasping components of goal-directed hand movements (Jeannerod et al., 1995; TanneGariepy et al., 2002) . This view is supported by the finding that selective inactivation of the monkey PMv causes severe deficits in the grasping component of hand movements, leaving unaffected the hand transport (Fogassi et al., 2001) . The role of PMv in shaping the hand posture appropriately to grasp objects has been confirmed by electrophysiological studies in monkeys (Rizzolatti et al., 1988; Murata et al., 1997; Rizzolatti and Luppino, 2001) . As far as PMd is concerned, cell recordings in monkeys have indicated that its caudal part mostly contains a representation of proximal forelimb muscles and that its activity correlates with the direction and amplitude of reaching movements Messier and Kalaska, 2000; Cisek et al., 2003) .
In humans, however, the respective contribution of PMv and PMd to hand movements, the time course of their involvement, and their hemispheric dominance are still essentially unknown. Although brain imaging studies have already provided us with a comprehensive picture of the brain regions involved in hand and finger movements, this approach does not allow making inferences about the causal relationship between these activations and the processes under investigation. Transcranial magnetic stimulation (TMS) has proved useful to overcome this limitation by producing, in healthy subjects, transient virtual lesions of restricted brain areas. Combined with a precise quantification of the deficits resulting from such virtual lesions, this approach permits to infer the contribution of the stimulated brain area to the task under investigation (Walsh and Cowey, 2000) and has already been used successfully in motor control studies (Chen et al., 1997; Chouinard et al., 2005; Tunik et al., 2005) . The aim of the present study was to determine the respective contribution of PMv and PMd to precision grasping. To do so, we produced, by means of TMS, transient virtual lesions of these two areas in both hemispheres, in healthy subjects performing a standard grip-lift task with their right, dominant hand.
Materials and Methods
Ten healthy volunteers (25.8 Ϯ 2 years) participated in the present study. All subjects were right-handed according to the Edinburgh handedness inventory (Oldfield, 1971) . Their vision was normal, or corrected to normal, and none of them had neurological history. Subjects were screened for potential risk of adverse reactions to TMS by using the transcranial magnetic stimulation adult safety screen (Keel et al., 2001 ). All experimental procedures were approved by the Ethics Committee of the Université Catholique de Louvain, and all subjects gave their written informed consent.
Grip-lift task. Subjects sat comfortably on a padded chair with their elbow flexed at ϳ135°. The task consisted of grasping a 575 g manipulandum between the right-hand index and thumb and in lifting it ( Fig.  1 A) ; the manipulandum was positioned on a table in front of subjects. The subject's right hand was placed on the table on its ulnar edge, with the wrist positioned midway between pronation and supination; the grip was open with both the thumb and index positioned ϳ3-4 cm apart from the manipulandum grip surfaces.
The manipulandum consisted of two parallel vertical grip surfaces of smooth brass (40 mm diameter, 30 mm apart) (Fig. 1 A) . The grip surfaces covered three-dimensional force-torque sensors (Mini 40 F/T transducers; ATI Industrial Automation, Garner, NC). Each sensor measured the three orthogonal forces (F x , F y , F z ) and torques (T x , T y , T z ) along the corresponding axes intersecting the center of the grip surface. The sensing ranges for F x , F y , and F z were Ϯ 40, Ϯ40, and Ϯ 120 N, with a 0.02, 0.02, and 0.06 N resolution, respectively. The sensing ranges for T x , T y , and T z were Ϯ2 Nm, with a 0.001 Nm resolution. The force tangential to the grip surface [load force (LF)] was computed as the vectorial sum of F x and F y . The force normal to the grip surface [grip force (GF)] was given by F z .
At the beginning of each trial, an auditory Go signal was delivered to instruct the subjects to grasp the manipulandum and to lift it, at a natural speed, to a height of ϳ20 cm, as indicated by an elastic band. Subjects had to maintain the manipulandum in this position for ϳ3 s until another auditory signal indicated the end of the trial.
Transcranial magnetic stimulation. Ten subjects participated in a first experiment, which allowed us to investigate the consequences of repetitive TMS (rTMS) applied over either the left PMv or PMd on the grip-lift task. TMS was delivered using a rapid model 200 stimulator (Magstim, Whitland, UK) through a 70 mm outer diameter figure-of-eight coil. The coil was held tangential to the skull with the handle pointing backward. Before each experiment, TMS was applied over the left M1, and the coil position was adjusted to optimize the motor-evoked potential (MEP) amplitude in response to a single TMS pulse in the contralateral first dorsal interosseus (1DI). Once the optimal coil position was found, the resting motor threshold, defined as the TMS intensity that induced 50 V peak-to-peak MEPs in 5 of 10 trials, was determined, and the intensity of stimulation was set at 120% of this value. It is noteworthy that, at this intensity, rTMS applied over PMv or PMd never induced an electromyographic (EMG) response in the contralateral hand and arm muscles (see below). The rTMS train (10 Hz, 500 ms) was delivered synchronously with the Go signal; trains of rTMS were separated by at least 12 s. In a second experiment, the same procedure was repeated in a subgroup of six subjects (26.3 Ϯ 1 years), and rTMS (500 ms, 10 Hz) was applied over either the left/right PMv or the left/right PMd (Fig. 2) . As additional controls, rTMS was also applied over the left or right M1 in experiment 2. Again, rTMS was synchronized with the Go signal.
Finally, to determine more precisely the time course of the contribution of PMv and PMd in the grip-lift task, a third experiment was performed in another subgroup of six subjects (25.2 Ϯ 2 years). In this experiment, paired-pulse TMS (interval of 5 ms) was delivered over the left PMv or PMd at five different delays after the Go signal, namely 50, 100, 150, 200, or 250 ms. The TMS intensity was also set at 120% of the resting motor threshold determined for the left, contralateral M1.
In these three experiments, control data were gathered from sham trials. The sham stimulation consisted of applying an rTMS train over either PMv or PMd with the coil perpendicular to the scalp, so that TMS was ineffective; this procedure allowed us to cancel out possible unspecific effects of TMS on the task performance. Because control data gathered after sham stimulation of PMd or PMv in experiment 1 were undistinguishable (all F values Ͻ1), in experiments 2 and 3, to reduce the number of blocks, sham stimulations were applied at a location between PMv and PMd.
Location of stimulation sites. For each subject, the coil position was precisely determined before each experiment by means of an original method that allows us to perform an on-line coregistration of the stimulation sites onto individual anatomical magnetic resonance imaging (MRI) (Noirhomme et al., 2004) . In addition, this software permits to normalize individual coordinates of the TMS sites with respect to the Montreal Neurological Institute (MNI) brain atlas. This normalization procedure was performed a posteriori by normalizing each individual MRI onto the MNI brain template by means of an iterative algorithm that searches for the optimal projection of a given brain onto the MNI brain. This algorithm solved the best transformation parameters optimizing the mutual information metric between the individual and MNI brains (Mattes et al., 2003) by using sequentially two types of transformations: (1) rigid and scale transformations (De Craene et al., 2004) and (2) nonrigid basis-spline transformations (Spall, 1998) .
To stimulate PMv, the coil was positioned over the caudal portion of the pars opercularis of the inferior frontal gyrus (BA44), a region known to be selectively activated during object manipulation and grasping movements (Binkofski et al., 1999; Ehrsson et al., 2000 Ehrsson et al., , 2001 KuhtzBuschbeck et al., 2001) . In the present study (Fig. 2) , the mean normalized MNI coordinates of the stimulation sites were, respectively, Ϫ60 Ϯ 2, 16 Ϯ 3, 23 Ϯ 9 mm (x, y, z, mean Ϯ SD; n ϭ 10) and 56 Ϯ 6, 16 Ϯ 4, 26 Ϯ 9 mm (n ϭ 6) for the left and right PMv, in agreement with those reported in the aforementioned functional MRI (fMRI) studies (supplemental Table A , at www.jneurosci.org as supplemental material).
To target PMd, the coil was positioned over the superior portion of the precentral gyrus, as delimited by the superior frontal sulcus. This site was selected on the basis of previous fMRI and TMS studies performed in subjects executing comparable tasks (Binkofski et al., 1999; Ehrsson et al., 2000; Chouinard et al., 2005) . In the present study (Fig. 2) , the mean MNI coordinates of stimulation sites for left and right PMd were, respectively, Ϫ22 Ϯ 3, Ϫ4 Ϯ 4, 71 Ϯ 4 mm (x, y, z, mean Ϯ SD; n ϭ 10) and 24 Ϯ 4, Ϫ5 Ϯ 6, 72 Ϯ 3 mm (n ϭ 6) and were very close to those available in the aforementioned literature for PMd.
Experimental procedure. Before each experiment, the subjects performed two practice sessions of 12 trials each. Experiment 1 consisted of 12 blocks of 12 trials each. In half of the blocks, rTMS was applied over either the left PMv or the left PMd. In the other half of the blocks, as control, sham rTMS was applied over either the left PMv or the left PMd. These 12 blocks were randomly interleaved. Experiment 2 consisted of 24 blocks in which rTMS was applied over the left/right PMv, the left/right PMd, or the left/right M1 (three blocks for six stimulations sites); the six remaining blocks were sham TMS, delivered at an intermediate position between PMv and PMd. In experiment 3, the experimental session consisted of 15 blocks of 15 trials each. In a given block, TMS was applied randomly at the five different delays. Paired-pulse TMS was applied over the left PMv in five blocks and over the left PMd in five other blocks. The five remaining blocks consisted of sham TMS delivered at an intermediate position between PMv and PMd. All of these blocks were randomly distributed.
Data acquisition and analysis. The signals from the force transducers were digitized on-line at 1 kHz with a 12-bit 6071E analog-to-digital converter in a PXI chassis (National Instruments, Austin, TX). The signals were then low-pass filtered (15 Hz) with a fourth-order, zero phaselag Butterworth filter. The GF and LF onsets were determined when (blue) and PMd (red). TostimulatePMv,thecoilwaspositionedoverthecaudalportionoftheparsopercularisoftheinferior frontalgyrus(BA44),correspondingtothefollowingnormalizedMNIcoordinates:Ϫ60Ϯ2,16Ϯ3, 23 Ϯ 9 mm (x, y, z, mean Ϯ SD; n ϭ 10) and 56 Ϯ 6, 16 Ϯ 4, 26 Ϯ 9 mm (n ϭ 6) for the left and right PMv, respectively. To target PMd, the coil was positioned over the superior portion of the precentral gyrus, as delimited by the superior frontal sulcus. The mean MNI coordinates of stimulation sites for the left and right PMd were, respectively, Ϫ22 Ϯ 3, Ϫ4 Ϯ 4, 71 Ϯ 4mm(x, y, z, mean Ϯ SD; n ϭ 10) and 24 Ϯ 4, Ϫ5 Ϯ 6, 72 Ϯ 3mm(n ϭ 6). Each ellipse was centered on the mean MNI coordinates of PMv and PMd stimulation points, and their surface shows the 95% confidence interval of the normalized coordinates calculated for each subject.
values exceeded the mean ϩ 2 SDs of the premovement resting value (Flanagan and Tresilian, 1994) . EMG activity was recorded with surface electrodes (Neuroline; Medicotest, Oelstykke, Denmark) from two intrinsic hand muscles, namely the abductor pollicis brevis (APB) and 1DI and from one proximal arm muscle, namely the brachio-radialis (BrR). The raw EMG signals were amplified (gain, 1000), bandpass filtered (10 -500 Hz; Neurolog; Digitimer, Hertfordshire, UK), and digitized at 1 kHz. The EMG signals were then rectified off-line. The baseline was defined as the mean EMG value computed over a 200 ms time window before the Go signal; the EMG onset was determined when the EMG signal exceeded the baseline ϩ 2 SDs.
The following temporal parameters were measured: (1) the reaction time (RT), defined as the delay between the Go signal and the onset of the first EMG activity in one of the intrinsic hand muscles; (2) the movement time (MT), i.e., the time between the first EMG activity and the first contact of a finger with the manipulandum; (3) the contact time (CT), i.e., the delay between the contact of the two fingertips on the manipulandum; (4) the delay between the APB and 1DI recruitment; (5) the delay between the 1DI and the BrR recruitment; and (6) the delay between the Go signal and the BrR onset time. In addition, we also measured (7) the preloading phase duration (T0 -T1) ( Fig. 1 B) , i.e., the delay between the contact of the second finger on the manipulandum and the onset of LF and the (8) the duration of the loading phase (T1-T2), which is the phase in which both GF and LF increased progressively until LF equaled to the weight of the object. The following dynamics parameters were also measured: (1) the GF (dGF/dt) and (2) LF (dLF/dt) rates and (3) the peak value of dGF/dt and (4) the peak value of dLF/dt during the loading phase. The grip-lift synergy was estimated by computing a crosscorrelation function between dGF/dt and dLF/dt (Duque et al., 2003) . For each individual trial, this method provides two values: (1) the maximum coefficient of correlation, which estimates the similarity between the profiles of dGF/dt and dLF/dt, and (2) the time shift, which quantifies the asynchrony between dGF/dt and dLF/dt; a positive value of time shift indicates that GF leads LF.
To determine the index and thumb fingertip positions on the manipulandum, the x and y coordinates of the center of pressure (CP) of each fingertip were measured with respect to the center of the grip surface (see Fig. 4) . The x and y coordinates of the fingertip CP were obtained by dividing the x and y torque value (T x and T y ) by the applied grip force (F z ), respectively. Then, the distances separating the thumb and index along the x-and y-axes were computed. In addition, an estimate of the CP variability was performed for each fingertip by measuring the area of the isodensity ellipsoid in which 95% of the CPs were located (see Fig. 4 ).
Statistical analysis. In all three experiments, because there was no statistically significant difference between the movement parameters gathered for the different sham blocks (ANOVA; all F values Ͻ0.51; all p values Ͼ0.29), these data were pooled together and used as control values. In experiment 1, all parameters (fingertip positioning and temporal and dynamic parameters) were compared across conditions by means of one-way ANOVA, with the stimulation site (PMv, PMd, or sham) as within-subject factor. In experiment 2, a two-way ANOVA with site (PMv, PMd, M1, or sham) and side (left or right) as within-subject factors was performed. Similarly, in experiment 3, a two-way ANOVA with site (PMv, PMd, or sham) and TMS timings (50, 100, 150, 200, or 250 ms) as within-subject factors was used. Bonferroni's corrected t tests were used for post hoc analysis when appropriate.
Results

Contribution of the left, contralateral PMv and PMd to hand movements
In experiment 1, to determine the distinct contribution of premotor areas to the control of grasping movements performed with the dominant hand, rTMS was applied over either the left PMv or left PMd. As shown in Table 1 all p values Ͻ0.008). TMS applied over PMd has no effect on MT and CT when compared with control values (all p values Ͼ0.05).
The recruitment of distal and proximal muscles was altered differentially after PMv or PMd stimulations. Only virtual lesions of left PMv had a consequence on the intrinsic hand muscle recruitment, as evidenced by a longer interval between the APB and 1DI recruitment (F ϭ 5.76; p ϭ 0.015). In contrast, after a virtual lesion of left PMd, the onset of the BrR recruitment was delayed significantly (F ϭ 4.75; p ϭ 0.002) with respect to the Go signal when compared with the control and PMv stimulation conditions. Consequently, this yielded a distinct increase in the preloading phase duration (F ϭ 8.54; p Ͻ 0.001). This finding is further supported by the significant increase of the time shift between dGF/dt and dLF/dt after the left PMd TMS (F ϭ 8.34; p Ͻ 0.001). The duration of the loading phase remained unchanged after TMS of either PMv or PMd (all F values Ͻ1).
Lesioning the left PMv also altered specifically the finger positions on the manipulandum, as shown by a significant increase of the horizontal distance between the thumb and index fingertip positions on the manipulandum (F ϭ 6.12; p Ͻ 0.001); the distance between the fingers along the y-axis remained unchanged. In addition, the finger positioning on the manipulandum was found much more variable after a virtual lesion of PMv than in the PMd stimulation and control conditions, as shown by an larger area of the CP ellipses computed for both the thumb and index finger (all F values Ͼ6.84; all p values Ͻ0.006). No difference between the area of CP ellipses was found between the PMd and control conditions (all p values Ͼ0.05).
TMS applied over either PMv and PMd failed to affect the dynamic parameters and the cross-correlation coefficient between dGF/dt and dLF/dt (all F values Ͻ1).
Lateralization of hand movement control in the premotor cortex
In experiment 2, the subjects performed the same grip-lift task with their right hand, but rTMS was delivered over either the left Mean Ϯ SD values (n ϭ 10) of movement parameters gathered in the control condition (sham) and after rTMS over PMv and PMd. Ind-Th H dist and Ind-Th V dist, Horizontal and vertical distance between the index and thumb on the manipulandum. *p Ͻ 0.05.
or right PMv and PMd and also, as additional controls, over the left or right M1. In this experiment, the movement parameters significantly altered by TMS-induced lesions were the same as those reported in experiment 1, and, for the sake of clarity, only the results of the statistical analyses performed on these parameters will be described here. As shown in Table 2 , the present results confirm the key role played by the left PMv in precision grasping: only a virtual lesion of the left PMv, and not of the right PMv, led to a longer MT and CT (site ϫ side interaction, all F values Ͼ12.1; all p values Ͻ0.001). Indeed, post hoc comparisons revealed that MT and CT significantly increased after the stimulation of the left PMv relative to all other conditions (all t values Ͼ4.34; all p values Ͻ0.05). No other significant difference was found across stimulation sites for MT and CT. Similarly, the interval between the onsets of intrinsic hand muscle contraction increased exclusively after a virtual lesion of the left, but not of the right, PMv (site ϫ side interaction, F ϭ 11.5; p Ͻ 0.001) (Fig. 3A) . In contrast, we found that the precise positioning of the fingers on the manipulandum was under the control of both the left and right PMv. Indeed, a virtual lesion of either the left or right PMv modified the finger position on the object, as shown by an increased distance between the index and thumb along the horizontal axis of the manipulandum and a larger variability in CP distributions (site, all F values Ͼ3.42; all p values Ͻ0.021) (Figs. 3B, 4B, C) . Although these effects were significant for both left and right PMv stimulation when compared with the other sites, it is worth noting that they were slightly larger when TMS was applied over the left PMv than over the right PMv, as shown by a significant site ϫ side interaction (all F values Ͼ4.58; all p values Ͻ0.012; post hoc, all t values Ͼ5.32; all p values Ͻ0.019) (Fig. 4 B, C) . As expected, TMS applied over either the left or right M1 also altered the performance of grip-lift movements (Table 2) , but, importantly, the movement parameters modified after PMv virtual lesions (MT, CT, APB-1DI, and finger positioning) were never found to be affected after left or right M1 stimulations (all p values Ͼ0.05).
The critical role of the left PMd in controlling the BrR muscle recruitment was confirmed in experiment 2 because a longer 1DI-BrR recruitment delay was found exclusively after a left PMd virtual lesion (site ϫ side interaction, F ϭ 7.2; p ϭ 0.023) ( Table  2 , Fig. 3C) . Similarly, as far as the coupling between the grasping and lifting phases is concerned, only a left PMd virtual lesion yielded a longer preloading phase (site ϫ side interaction, F ϭ Histograms showing the dissociation between the effects of virtual lesions of the left and right PMv (light gray) and PMd (dark gray) when compared with the control condition (white) for four movement parameters: A, the delay between the intrinsic hand muscle recruitment, i.e., the APB and 1DI; B, the indexthumb horizontal distance (Ind-Th H dist); C, the BrR muscle onset; and D, the preloading phase duration. *p Ͻ 0.05 12.1; p Ͻ 0.001) (Fig. 3D) . Post hoc comparisons confirmed these effects and failed to reveal any significant difference between other stimulated sites, including the right PMd. Finally, as already described, TMS applied over the left PMd led to a longer time shift between dGF/dt and dLF/dt; similar effects on the time shift were observed after virtual lesions of the left and right M1 (all t values Ͼ3.45; all p values Ͻ0.05). However, it is noteworthy that the longer time shift resulting from a left PMd virtual lesion can be explained by an increase of the preloading phase duration (t ϭ 6.32; p ϭ 0.004), whereas, after TMS of the left and right M1, the longer time shift was attributable to a change in the loading phase duration (all t values Ͼ3.64; all p values Ͻ0.012). This observation suggests that the motor deficits observed after PMd stimulation were specific and did not result from a spread of induced current to M1. The other consequences of left, contralateral M1 stimulation on grip-lift movements (Table 2) are likely attributable to the direct effects of the TMS-induced muscle twitches in the right hand. Regarding the effects of right, ipsilateral M1 stimulation on movement parameters, they have been extensively described previously and have been interpreted in terms of perturbations of transcallosal influences during movement preparation (Davare et al., 2006) .
Time course of the left, contralateral PMv and PMd contribution to hand movements
In experiment 3, the time course of the left PMv and PMd involvement in grasping movements was investigated by means of paired-pulse TMS delivered at five different timings (50, 100, 150, Side view of the manipulandum showing the distribution of the fingertip positions for the thumb (black circles) and the index finger (white circles). The two graspable surfaces of the manipulandum were superimposed to represent the thumb and index fingertip positions on the same graph. The subject's hand came from the right side of the figure. The ellipses represent the area in which 95% of the fingertip positions were found. A, Distribution of the thumb and index fingertip positions for 30 control trials in one subject. Note that the index finger contact points were always slightly farther than those of the thumb. B, A virtual lesion of the left PMv increased significantly both the horizontal distance between the thumb and index finger contact points and their variability. C, Similar effects, although less pronounced, of a virtual lesion of the right PMv on fingertip positions and distributions.
200, or 250 ms) after the Go signal (Fig. 5) . The paired-pulse TMS applied over the left PMv significantly altered the same movement parameters as those found modified in experiments 1 and 2, namely MT, CT, the APB-1DI delay, the horizontal distance between fingertips, and the CP ellipse areas (site ϫ timings interaction, all F values Ͼ4.75; all p values Ͻ0.018). However, those movement parameters were affected by a left PMv virtual lesion only when TMS was delivered either 50 ms (site, all F values Ͼ4.58; all p values Ͻ 0.008) or 100 ms (site, all F values Ͼ3.25; all p values Ͻ 0.01) after the Go signal (Fig. 5A) . Therefore, given the mean RT (182.3 Ϯ 42.5 ms), MT (87.4 Ϯ 16.7 ms) , and CT (5.2 Ϯ 1.4 ms) found in the present study, those two delays of TMS application corresponds, respectively, to ϳ230 and 180 ms when expressed with respect to the finger contact with the manipulandum. This finding suggests an early involvement of PMv during hand movement preparation.
The left PMd was found to intervene later in the grasping movement preparation than the left PMv. Indeed, both the preloading phase and time shift increased significantly only when paired-pulse TMS was delivered over PMd 150 and 200 ms after the Go signal (site, all F values Ͼ5.73; all p values Ͻ 0.003) (Fig.  5B) . Therefore, the contribution of PMd appears to be crucial ϳ130 -80 ms before the fingers contact the object or, given the mean duration of the preloading phase (31.3 Ϯ 14.7 ms), ϳ160 -110 ms before subjects started to lift the manipulandum.
Discussion
The present study provides compelling evidence for a dissociation between the role of PMv and PMd in controlling precision grasping in humans. Virtual lesions of the left and right PMv impaired specifically the grasping component of movements performed with the right hand, whereas left PMd lesions modified the timing of the lifting phase. The fact that TMS applied over PMv or PMd produced deficits very different from those observed after M1 stimulations validates our conclusions about the distinct contribution of premotor areas to precision grasping. Finally, we found that PMv intervenes earlier than PMd during grip-lift movement preparation.
PMv contribution to grasping movements
In the present study, to produce virtual lesions of PMv, the coil was positioned over the caudal portion of the pars opercularis of the inferior frontal gyrus, corresponding to BA44. In humans, this region has been shown repeatedly to contribute to precision grasping (Binkofski et al., 1999; Ehrsson et al., 2000 Ehrsson et al., , 2001 KuhtzBuschbeck et al., 2001) . Because both the BA44 in humans and the rostral part of F5 in monkeys (F5 ab , located in the caudal bank of the inferior arcuate sulcus) have been shown to be active during fine finger movements, these two areas are usually regarded as functionally equivalent (Binkofski et al., 1999; Fogassi et al., 2001; Picard and Strick, 2001; Rizzolatti et al., 2002; Grezes et al., 2003) . However, the homology between the human BA44 and monkey F5 remains very controversial (Picard and Strick, 2001; Binkofski and Buccino, 2004) , and this issue has been reopened recently by the finding, in the monkey, of a cortical area architectonically comparable with human BA44 and located in the fundus of the inferior arcuate sulcus (Petrides et al., 2005) .
The present study constitutes the first attempt to identify, in humans, the movement parameters controlled by PMv during a grip-lift task. First, we found that lesioning the left or right PMv modifies the fingertip positions on the object and increases their dispersion. Precise fingertip positioning is a prerequisite to grasp an object properly, as shown by the dramatic consequences of inadequate finger positions on grip stability (Goodale et al., 1994) . In the present study, however, because of the size of graspable surfaces of the manipulandum, this large variation in fingertip position had no consequence on the task performance per se, and all subjects always managed to lift the manipulandum. Using a smaller or a nonsymmetrical manipulandum requiring a much more precise finger positioning would have probably led to more severe deficits in the grip-lift task. The consequences on precision grasping we observed after TMS of PMv are reminiscent of those observed in monkeys after a reversible inactivation of F5 ab (Fogassi et al., 2001) . Altogether, those observations corroborate the view that, in primates, PMv is involved in the visuomotor transformations that allow to shape the hand posture appropriately to grasp objects (Murata et al., 1997; Rizzolatti and Luppino, 2001; Raos et al., 2006) . Interestingly, we found that both the left and right PMv are responsible for coding the hand posture during grasping movements performed with the right, dominant hand. This is consistent with functional imaging studies showing an activation in both the left and right PMv when subjects manipulated (Binkofski et al., 1999) or grasped (Ehrsson et al., 2000 objects. Along the same line, it is noteworthy that, in monkeys, large injections of muscimol into F5 ab also impair ipsilateral hand movements (Fogassi et al., 2001) . Second, we found that the left PMv is involved in elaborating the appropriate pattern of activation of intrinsic hand muscles, a finding consistent with results from monkey experiments in which contralateral PMv inactivation has been shown to modify the timing of the agonistantagonist muscle recruitment, resulting in impaired forearm movements (Matsumura et al., 1991) .
Altogether, those results suggest that, at an early phase of movement preparation, both PMv perform the visuomotor transformations required to configure the hand posture correctly, but, once the right hand is selected, only the left, contralateral PMv contributes to the elaboration of the motor program for the appropriate hand muscle recruitment. Whether comparable control mechanisms also apply for nondominant hand movements requires additional experiments. Finally, we found that PMv is involved early during precision grasping preparation, ϳ200 ms before fingers touch the object. This observation is in accordance with the early neuronal responses found in monkey F5 ab when the object to grasp is displayed (Murata et al., 1997; Raos et al., 2006) . Altogether, this suggests that PMv is involved very early in the visuomotor transformations required to elaborate the motor commands for precision grasping.
PMd contribution to grip-lift movements
To induce virtual lesions of PMd, the coil was positioned over BA6 and, more specifically, over the superior portion of the precentral gyrus delimited by the superior frontal sulcus. This area is probably equivalent to the caudal part of the dorsal premotor cortex (F2, PMdc) in monkeys (Fink et al., 1997; Picard and Strick, 2001 ). The role of F2 has never been investigated in a grip-lift task. Most data about F2 concern reaching movements and support the classical view that F2 codes for the direction and amplitude of reaching movements (Kurata, 1993; Jeannerod et al., 1995; Scott et al., 1997; Messier and Kalaska, 2000) .
We found that a virtual lesion of left PMd delayed the recruitment of the proximal muscles involved in the lifting phase, leading to a longer preloading phase and therefore to less synchronized grasping and lifting movements. The deficits in proximal muscle recruitment observed in the present study after TMS of PMd are compatible with the finding that, in monkeys, F2 mainly contains a representation of proximal arm muscles Scott et al., 1997; Wise et al., 1997) . However, it is noteworthy that PMd lesions failed to modify the load force and the loading phase duration, suggesting that PMd is not directly involved in determining the accurate level of proximal muscle contraction. Instead, the present results suggest that PMd may control the correct timing of the lifting phase with respect to the grasping phase. As previously proposed by Kurata and Hoffman (1994) , PMd could be involved in conditional motor behaviors, a view supported by recent studies showing that PMd contributes to movement preparation when hand movements are conditioned to either external cues (Grafton et al., 1998; Schluter et al., 1999; Chouinard et al., 2005) or internal cues, as in complex sequences of finger tapping (Harrington et al., 2000; Haslinger et al., 2002; Haaland et al., 2004) . Because the lifting phase can only be initiated when finger positioning is completed and/or when the grip force has reached an adequate level, our results are compatible with such a function of PMd; the initiation of the lifting phase is, however, likely to rely more on somatosensory signals than on visual or arbitrary cues (Johansson and Westling, 1984) . In accordance with the role of PMd in initiating the lifting phase, the present study shows that the PMd involvement in the grip-lift task occurs ϳ100 ms after that of PMv. This sequential involvement of premotor areas suggests that PMv provides the triggering information to PMd when the grip force and/or the hand configuration are adequate, a view consistent with the existence, in monkeys, of connections between F5 and F2 (Marconi et al., 2001) .
As far as the dominance of the left PMd in controlling the right, dominant hand is concerned, our observations are compatible with previous studies (Haslinger et al., 2002; Hlustik et al., 2002) showing that complex sequential movements performed with the right hand only lead to an increased activation in the left, contralateral PMd. Whether the left dominance reported here reflects an effector-independent contribution of the left PMd to the grip-lift synergy is an issue that requires to be further investigated by comparing the performance of the left and right hands.
Conclusions
The present study substantiates the view that the premotor areas, and PMv in particular, play a key role in visuomotor transformations required to generate grasping movements. Such a key position between sensory and motor systems corroborates the idea that the premotor cortex may underlie interactions between finger movements and other cognitive processes, such as, for example, counting abilities or magnitude estimate (Pesenti et al., 2000; Zago et al., 2001; Andres et al., 2004) . The study of the functional relationships between finger movements and these other processes will clearly benefit from the identification of the specific contribution of PMv and PMd. Hence, the present findings constrain the possible links between action and other cognitive functions by establishing the role of PMv in the hand posture configuration and the involvement of PMd in the hand movement sequencing.
